Introduction {#sec1-1744806917746565}
============

Platinum-based chemotherapeutic agents play a major role in the treatment of various cancers. In addition to its high anti-neoplastic efficacy, treatment with cisplatin leads to several side effects, of which dorsal root ganglion (DRG) neurotoxicity is the most considerable, as it leads to painful peripheral polyneuropathy.^[@bibr1-1744806917746565],[@bibr2-1744806917746565]^ Pain in chemotherapy-induced neuropathy (CIPN) is characterized by typical symptoms, such as mechanical allodynia and thermal hyperalgesia.^[@bibr3-1744806917746565]^ While the anti-cancer effects of platinum-compounds are well understood, the neurotoxic mechanisms involved still remain unclear.

The accumulation of unrepaired platinum--DNA crosslinks in the cell nucleus is essential for the toxicity in cancer cells, but also suggested to be a key mechanism of cisplatin toxicity in sensory neurons.^[@bibr1-1744806917746565],[@bibr2-1744806917746565],[@bibr4-1744806917746565],[@bibr5-1744806917746565]^ Interaction of platinum-based chemotherapeutic agents, such as cisplatin or oxaliplatin, with DNA leads to intrastrand and interstrand DNA cross-linkage, resulting in denaturation of nuclear and mitochondrial DNA. This damage causes the death of the cancer cells by activating necrotic and apoptotic pathways.^[@bibr6-1744806917746565]^ Within sensory neurons, cisplatin and oxaliplatin induce nuclear and mitochondrial DNA damage, resulting in mitochondrial dysfunction and the generation of reactive oxygen species.^[@bibr7-1744806917746565]^ Besides those DNA damage mechanisms, several studies have shown a disturbance of intracellular calcium homeostasis after platinum-compound treatment. This disturbance is linked to a critical increase in intracellular calcium concentration in various cell types, including sensory neurons within the DRG.^[@bibr8-1744806917746565],[@bibr9-1744806917746565]^ Intracellular calcium is a second messenger for initiation of numerous cellular processes, such as transmitter release, regulation of apoptosis or intracellular signalling. Calcium ions can enter neurons by voltage-gated calcium channels (VGCCs). The VGCC protein family consists of various subtypes, namely L-, T- P-/Q- and N-type calcium channels, which differ in their physiological functions, electrophysiological properties and subcellular localization.^[@bibr10-1744806917746565],[@bibr11-1744806917746565]^ The functional regulation of VGCC is mediated by intracellular calcium--dependent protein kinases.^[@bibr12-1744806917746565],[@bibr13-1744806917746565]^ In addition to the excitatory function of VGCC, the mediated calcium influx is involved in in calcium-dependent activation of gene expression processes, that is by activation of calmodulin (CaM) and calcium/calmodulin-dependent kinases (CaMK).

Recent studies revealed VGCC and its currents (*I*~Ca(V)~) to be involved in the pathogenesis of painful neuropathies after nerve injury.^[@bibr14-1744806917746565]^ Modulation of function and expression of N-type VGCC seem to be linked with the onset of neuropathic symptoms.^[@bibr15-1744806917746565][@bibr16-1744806917746565][@bibr17-1744806917746565]--[@bibr18-1744806917746565]^ Recently, we have provided evidence for an involvement of N-type VGCC in cisplatin-induced peripheral neurotoxicity.^[@bibr19-1744806917746565]^

In this study, we examined the role of N-type VGCC in a rat model of cisplatin-induced peripheral neuropathy with neuropathic pain using the in vitro whole-cell patch-clamp technique, immunohistochemistry, electron microscopy (EM) and behavioural experiments after in vivo cisplatin treatment.

Materials and methods {#sec2-1744806917746565}
=====================

Animals {#sec3-1744806917746565}
-------

Three- to four-week-old male and female Wistar rats (60--80 g, Animal Research Laboratory, University of Duisburg-Essen, Germany) were used for in vitro electrophysiology. For behavioural experiments, male Sprague--Dawley rats (120--150 g, Charles River, Germany) were used. All experiments were performed in accordance with the guidelines of the animal care and use committees of the University of Duisburg-Essen, Germany, and the ARRIVE guidelines. All rats were kept under a 14/10-h light/dark cycle with water and standard food pellets available ad libitum.

Cell culture of DRG neurons {#sec4-1744806917746565}
---------------------------

DRGs were removed from rats and the neurons isolated, as described previously.^[@bibr20-1744806917746565]^ A 50-μl amount of cell suspension was placed in the centre of each cell culture dish (35 mm, Falcon "Easy Grip"). Neurons were incubated for at least 2 h to allow for cell adhesion. A 1-ml amount of F12 medium containing 10% horse serum (Biochrom AG, Germany) was added to each dish and the neurons were placed in the incubator at 37℃ and 5% CO~2~ until use in the patch-clamp experiments the next day.

Electrophysiology {#sec5-1744806917746565}
-----------------

### Whole-cell recoding {#sec6-1744806917746565}

*I*~Ca(V)~s of N-type VGCC were isolated using the whole-cell patch-clamp technique with a HEKA EPC 10 amplifier and Patchmaster software (HEKA Electronics, Germany). Only small DRG neurons with round morphology were selected for the experiments to prevent space-clamp artefacts. Small DRG neurons were characterized by a diameter \<25 µm and a capacity \<38 pf. Neurons were used within the next 24 h after isolation. For short-term in vitro treatment of neurons, we used cisplatin at a concentration of 0.5 µM.

Microelectrodes consisting of borosilicate glass (Biomedical Instruments, Germany) were pulled with a HEKA Pipette Puller (PIP6, HEKA Electronics, Germany) and were fire polished to a final resistance of 5--7 MΩ. Before starting experiments, cell culture medium was replaced with external solution containing MgCl~2~ 1 mM, HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulphonicacid) 10 mM, tetrodotoxin 0.001 mM, glucose 10 mM, BaCl~2~ 10 mM and tetraethylammonium chloride 130 mM, pH 7.3. The internal pipette solution contained CsCl 140 mM, MgCl~2~ 4 mM, HEPES 10 mM, ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 10 mM and Na-ATP 2 mM, pH 7.2. For isolating currents of N-type VGCC, other subtypes were inhibited using a mixture of specific channel blockers. Inhibition of T-type *I*~Ca(V)~ was reached using pimozide (100 nM). For inhibition of L-type and P-/Q-type *I*~Ca(V)~, nimodipine (L-type, 2 µM) and ω-agatoxin (P-/Q-type, 0.2 µM) were used. Neurons were incubated with blockers for 10 min before starting whole-cell recordings.

A gigaohm seal between the electrode and cell membrane was established. Membrane potential was clamped at −80 mV. *I*~Ca(V)~ was elicited by depolarizing command pulses to 0 mV (150 ms). To examine the current--voltage (*I*--*V*) relationship of *I*~Ca(V)~, DRG neurons were depolarized in increasing 10-mV steps, starting from −60 mV to + 50 mV and *I*--*V* curves were frequently recorded before and after application of cisplatin.

### Data analysis of electrophysiological recordings {#sec7-1744806917746565}

All currents were corrected online using a P/4 protocol. All *I*~Ca(V)~ values used for the time-course experiment were rundown corrected, assuming a linear rundown. The rundown was calculated from the 10 currents elicited before application of cisplatin (control condition). Only cells with a rundown of \<3% were included in the data analysis. Current values were standardized to the mean current before application of cisplatin ( = 100%).

In vivo treatment of animals {#sec8-1744806917746565}
----------------------------

The influence of cisplatin on the protein level of N-type VGCC during cisplatin chemotherapy was examined by treating rats with NaCl (0.9%, intraperitoneally (i.p.)) or with cisplatin (1.5 mg/kg, i.p.).

To examine the influence of cisplatin and the role of N-type VGCC on the pain-associated behaviour of rats in vivo, the rats were treated with either cisplatin (1.5 mg/kg, i.p.) and NaCl (0.9%, intravenously (i.v.)) or with a combination of cisplatin and ω-conotoxin MVIIA (0.02 mg/kg, i.v).^[@bibr19-1744806917746565]^

In both experimental approaches, cisplatin was administrated in two cycles of four daily injections with a four-day rest between the cycles. ω-conotoxin MVIIA was administered daily for 12 days for behavioural experiments. Six rats were used for each experimental condition in behavioural experiments.

Rats were controlled daily for weight loss during the treatment. If a weight loss of \>10% was observed, food pellets were moisturized. If weight loss was \>20%, rats were sacrificed.

Immunohistochemical staining {#sec9-1744806917746565}
----------------------------

### Tissue preparation {#sec10-1744806917746565}

Cisplatin-treated and untreated rats were sacrificed at different time points (3, 6, 11, 16, 23 and 26 days) of the experiment. The DRGs (L4-L6) were removed from three rats for each condition per time point; 8-µm-thick slices were prepared and placed on microscopic slides.

Tissue sections were fixed in ice-cold methanol for 20 min at −20℃. Cell membranes were permeabilized in phosphate-buffered saline (PBS) + 0.5% Triton X-100 for 15 min at room temperature. Unspecific binding sites were blocked with 5% milk powder in PBS for 1 h at room temperature. To investigate the protein level of N-type VGCC, tissue sections were incubated overnight with rabbit primary antibody against N-type VGCC subtype (1:200, anti-CaV2.2, Alomone Labs, Israel) at 4℃. After washing (PBS), sections were incubated with secondary antibody (goat anti-rabbit Alexa Fluor 555, Thermo Fisher Scientific) for 1 h in darkness at room temperature.

### Data analysis of immunohistochemical staining {#sec11-1744806917746565}

The N-type VGCC protein levels were quantified using Image J software (NIH). Neurons were selected using the Free Hand tool. The integrated density of N-type VGCC in DRG neurons with each slice was measured and normalized against the background.

All data were analyzed using analysis of variance (ANOVA) and Turkey\'s post hoc test compared with control. All data are reported as means ± SEM (*p* \< 0.05 was regarded as statistically significant).

Western blot {#sec12-1744806917746565}
------------

For western blot analysis, DRGs (L4-L6) were removed at day 11 and day 26. Untreated DRGs served as control. The tissue was homogenized in radioimmunoprecipitation assay buffer (Thermo Fisher Scientific). Proteins were transferred to nitrocellulose membranes (0.2 µm) using wet blot technique at 4℃ for 2 h. Membranes were blocked in Tris-buffered saline supplemented with Tween-20 (TBST) containing 5% nonfat milk powder (Sigma Aldrich) for 1 h at room temperature with gentle agitation. Membranes were incubated overnight at 4℃ with rabbit polyclonal N-type alpha 1B (1:200, Alomone Labs) and mouse monoclonal beta-actin (1:1000, Thermo Fisher Scientific) antibodies. Afterwards, membranes were incubated with anti-rabbit IgG and anti-mouse IgG horseradish peroxidase coupled secondary antibodies (1:1000, Thermo Fisher Scientific) for 2 h at room temperature. Immunoreactivity was detected using "Enhanced Chemiluminescence Substrate" (Thermo Fisher Scientific).

Analysis of western blot signals was performed using Image J software (NIH). Intensity of N-type VGCC was normalized to intensity of beta-actin.

Behavioural experiments {#sec13-1744806917746565}
-----------------------

Baseline data were recorded daily for 3 h, before treatment of the rats. Drugs were administrated from day 4 to day 15. Behavioural experiments were performed on days 8, 17, 24 and 31.

### Hot-plate testing and von Frey testing {#sec14-1744806917746565}

Thermal hyperalgesia was assessed with an algesimeter (Ugo Basile, Comerio, Italy), as described previously.^[@bibr19-1744806917746565],[@bibr21-1744806917746565]^ Three consecutive thermal tests were applied to the rats\' hindpaws with at least a 5-min interval between tests for an individual paw. The means of three tests were calculated.

Mechanical sensitivity was assessed using von Frey hairs and the up--down method.^[@bibr22-1744806917746565]^ Thereby the 50% probability withdrawal threshold was determined.

### Data analysis of behavioural experiments {#sec15-1744806917746565}

All data were analyzed using ANOVA and Tukey\'s post hoc test compared with control. All data are reported as means ± SEM.

Quantification of cisplatin-induced DNA adducts {#sec16-1744806917746565}
-----------------------------------------------

Visualization of cisplatin-induced DNA adducts was performed as described elsewhere.^[@bibr4-1744806917746565],[@bibr23-1744806917746565]^ Frozen sections of DRGs (8 µM) were prepared from collected tissue of repetitive cisplatin-treated rats after performing behavioural experiments (day 31). Sections were placed onto Superfrost Plus Gold adhesion slides (Thermo Scientific) to prevent cell loss during additional processing.

DRG sections were fixed in ice-cold methanol (−20℃) and rehydrated in PBS. After partial denaturation, tissues sections were subjected to a two-step proteolytic digestion. First, DRGs were treated with pepsin (300 µg/ml) for 10 min at 37℃; after this, the tissue sections were treated with proteinase K (100 µg/ml, pH 7.5) for 10 min at 37℃. Cisplatin-(GG) adducts in the nuclear DNA of DRG neurons were stained with adduct-specific monoclonal antibody R-C18 and goat-anti rabbit Cy3 (red) secondary antibody.

Haematoxylin--eosin staining {#sec17-1744806917746565}
----------------------------

Rats were sacrificed after behavioural experiments on day 31, DRG were resected, fixed in formalin and embedded in paraffin. For haematoxylin--eosin (HE) staining, tissue sections (8 µm) were fixed with acetone for 3 min at −20℃ and then placed in methanol (80%) for 5 min at 4℃. After fixation, the tissue sections were washed in PBS for 10 min. DRG sections were stained with haematoxylin for 1 min and washed in aqua bidest for 5 min. Eosin staining was performed for 30 s. Tissue was successively placed in 70%, 80%, 90% and 100% ethanol for 5 min in each concentration. The sections were treated twice with xylene for 5 min and dried completely. Permount was used to mount slides.

Electron microscopy {#sec18-1744806917746565}
-------------------

Tissue samples of about 1 mm^3^ were fixed overnight in 100 mM phosphate buffer (PB) containing 2.5% glutaraldehyde, 3 × washed in PB at room temperature and treated with 1% (w/v) OsO~4~ for 2.5 h on ice. This was followed by washing in PB for 3 × 10 min at 4℃ and ethanol 30% and 50% (35 min each). Then 1% uranylacetate was applied in 70% ethanol in darkness for block contrast for 1 h. Blocks were then kept in 70% ethanol at 4℃ overnight. After 96% ethanol (35 min), pure ethanol then propylene oxide were applied for 3 × for 10 min each followed by EPON® solutions in ethanol with an increasing EPON® concentration (3:1, 1:1, 1:3; 60 min each) and finally pure EPON® overnight at room temperature. Embedding was performed in a heated storage area (60℃, 2 days) for polymerization. After trimming, solid EPON® blocks were cut on a Reichert-Jung Ultracut® ultramicrotome set to a thickness of 70 nm. Sections were then mounted on 200 mesh hexagonal copper grids and treated with 1% uranyl acetate solution for 20 min. This was followed by 5 min of lead citrate (0.4%) for contrast enhancement. A Zeiss transmission electron microscope (EM 902A) was used for the final investigation at 80 kV at magnifications from 3000 × to 140,000×. Digital image acquisition was performed by a MegaViewII slow-scan-CCD camera connected to a personal computer running ITEM® 5.0 software (Soft-imaging-systems, Münster, Germany); the images were stored as uncompressed TIFF files in 16 bits of grey and further processed using Adobe® Photoshop® CS5.

For analyzing structural damage after repetitive cisplatin treatment, we have randomly chosen five images per condition and counted profiles of damaged mitochondria.

Results {#sec19-1744806917746565}
=======

Cisplatin increases currents of N-type VGCC {#sec20-1744806917746565}
-------------------------------------------

N-type *I*~Ca(V)~ was isolated using combinations of specific VGCC subtype blockers, as described earlier. To examine the influence of cisplatin on N-type *I*~Ca(V)~, the whole-cell patch-clamp technique was used. Depolarization of DRG neurons from holding potential (−80 mV) to 0 mV elicited an inward current through N-type VGCC. Cisplatin (0.5 µM) led to an increase in N-type *I*~Ca(V)~ ([Figure 1(a)](#fig1-1744806917746565){ref-type="fig"}) of 131.1 ± 5.2%. Steady-state was reached after 300 s ([Figure 1(b)](#fig1-1744806917746565){ref-type="fig"}). In *I*--*V* experiments, the peak current was elicited at a depolarization of up to −30 mV under control conditions. Cisplatin increases the *I*~Ca(V)~ in a voltage range of −60 mV to + 50 mV. A shift of the peak current or changes of the reversal potential were not observed ([Figure 1(c)](#fig1-1744806917746565){ref-type="fig"}). Figure 1.Modulation of N-type *I*~Ca(V)~ by cisplatin in small dorsal root ganglion (DRG) neurons in vitro. (a) Representative raw trace of N-type *I*~Ca(V)~. DRG neurons were depolarized from the holding potential (−80 mV) to 0 mV before (black line) and after (grey line) application of cisplatin (0.5 µM). Application of cisplatin led to an increase in N-type *I*~Ca(V)~. (b) Time-course measurement of normalized *I*~Ca(V)~ of isolated N-type voltage-gated calcium channels (VGCCs) during repetitive depolarizations from the holding potential to 0 mV before and after application of 0.5 µM cisplatin. Cisplatin application led to an increase in N-type *I*~Ca(V)~ over the time. Black arrow marks time of cisplatin application. (c) *I*--*V* curve of N-type *I*~Ca(V)~ (black line, control conditions; speckled line, after application of 0.5 µM cisplatin). DRG neurons were stepwise (10-mV increments) depolarized from holding potential to +50 mV. Cisplatin application led to an increase in N-type *I*~Ca(V)~ over the entire voltage range. (*n* = 5 cells for each experiment).

Repetitive in vivo administration of cisplatin increases N-type VGCC protein level transiently {#sec21-1744806917746565}
----------------------------------------------------------------------------------------------

To examine the influence of cisplatin on the protein level of N-type VGCC in vivo, rats were repetitively treated. Treatment was performed as described earlier. Cisplatin was administered in two, four-day cycles ([Figure 2(a)](#fig2-1744806917746565){ref-type="fig"}). Rats were sacrificed on days 3, 6, 11, 16, 23 and 26. DRG tissue sections were prepared and immunohistochemical staining against N-type VGCC was performed ([Figure 2(b)](#fig2-1744806917746565){ref-type="fig"}). Figure 2.Alteration of the N-type voltage-gated calcium channels (VGCCs) protein level in dorsal root ganglion (DRG) neurons after repetitive in vivo administration of cisplatin. (a) To examine the influence of repetitive in vivo administration of cisplatin on the protein level of N-type VGCC in DRG neurons, rats were treated with cisplatin (1.5 mg/kg, i.p.). Cisplatin was administrated in two, four-day cycles, with a four-day break between those cycles. Rats were sacrificed at different time points (black arrows) and immunohistochemical staining against N-type VGCC was performed. Untreated rats served as control. (b) Representative staining of DRGs against N-type VGCC protein (red) 14 days after the last cisplatin administration (day 26). (c) Immunohistochemical staining of DRGs against N-type VGCC protein (red) at different time points (see [Figure 2(a)](#fig2-1744806917746565){ref-type="fig"}, black arrows). Quantification of N-type VGCC-derived signals revealed a significant increase in the protein levels in DRG neurons after cisplatin administration at all tested time points, compared with untreated control DRGs (\**p* \< 0.05). Additionally, each day was compared with the day before (^\#^*p* \< 0.05). Here, the protein level of N-type VGCC decreased from day 11 to day 26, but had still increased compared with the control. In western blot analysis, cisplatin administration led to an increase of N-type VGCC protein level on day 11 and day 26 (\**p* \< 0.05). Protein level was significantly decreased on day 26, compared to day 11 (^\#^*p* \< 0.05) (*n* = 18 rats in total for each condition).

Repetitive in vivo administration of cisplatin increased the N-type protein level significantly over the entire experimental time, compared with untreated controls. On day 3, the N-type protein level of cisplatin-treated rats had increased to 2.70 ± 0.04 (\**p* \< 0.05), compared with untreated rats (1 ± 0.10). When the N-type protein level was determined on day 11, it had significantly increased to 3.54 ± 0.18 (\**p* \< 0.05; ^\#^*p* \< 0.05), compared with day 6 (2.40 ± 0.07) and with untreated control (1 ± 0.10). The protein level stayed constant until day 16 (3.37 ± 0.09) (\**p* \< 0.05). On day 23, the N-type protein level had significantly decreased (2.41 ± 0.13), compared with day 16 (^\#^*p* \< 0.05), but had still increased in comparison with control rats (\**p* \< 0.05). Also 14 days after the last cisplatin administration (day 26), the N-type protein level had significantly increased (2.36 ± 0.19), compared with control (\**p* \< 0.05). For substantiating those results, we performed western blot analysis on day 11 and day 26. Also here, N-type VGCC protein level was significantly increased on day 11 (2.93 ± 0.1) (\**p* \< 0.05) and day 26 (1.94 ± 0.18) (\**p* \< 0.05), compared with untreated control DRG tissue (1 ± 0.01). N-type VGCC protein level on day 26 was decreased, compared with day 11 (^\#^*p* \< 0.05) ([Figure 2(c)](#fig2-1744806917746565){ref-type="fig"}).

Cisplatin-mediated pain-associated behaviour is abolished by inhibiting N-type VGCC {#sec22-1744806917746565}
-----------------------------------------------------------------------------------

To examine the role of N-type VGCC in neuropathic pain after cisplatin-treatment, rats were repetitively treated with cisplatin (1.5 mg/kg) or a combination of cisplatin (1.5 mg/kg) and specific N-type channel blocker ω-conotoxin MVIIA (0.2 mg/kg), and pain-associated behaviour was tested as described earlier ([Figure 3(a)](#fig3-1744806917746565){ref-type="fig"}). Fifty percent of the cisplatin-treated rats showed a weight loss of \>10% for the duration of the administration phase. No rats showed a weight loss of \>20%. Administration of ω-conotoxin MVIIA was well tolerated by the rats without observing side effects. Figure 3.Role of N-type voltage-gated calcium channels (VGCCs) in early signs of cisplatin-induced neuropathic pain. (a) To examine the influence of cisplatin on pain-associated behaviour and the role of N-type VGCC, rats were repetitively treated with either cisplatin (1.5 mg/kg; i.p.) + NaCl (i.v.) or with a combination of cisplatin (1.5 mg/kg; i.p.) + ω-conotoxin MVIIA (0.2 mg/kg; i.v.). The baseline behaviour of untreated rats was recorded on days 1--3. Cisplatin and cisplatin/ω-conotoxin MVIIA administration was started on day 4 until day 15. (B) Rats treated with cisplatin + NaCl showed a significant reduction in the paw-withdrawal threshold in thermal hyperalgesia tests (\**p* \< 0.05). When rats were additionally treated with ω-conotoxin MVIIA, a reduction in the paw-withdrawal threshold was not observed, compared with control data. Here the paw-withdrawal threshold was significantly increased (^\#^*p* \< 0.05). (c) Testing mechanical allodynia with von Frey filaments resulted in a significant reduction in the paw-withdrawal threshold of cisplatin + NaCl treated rats, compared with control data (\**p* \< 0.05) and to rats treated with cisplatin + ω-conotoxin MVIIA (^\#^*p* \< 0.05). There was no significant change in the paw-withdrawal threshold of rats additionally treated with ω-conotoxin MVIIA, compared with control data (*n* = 7 rats for each condition).

In hot-plate testing to examine signs of thermal hyperalgesia, the paw-withdrawal threshold was 16.29 ± 0.98 s under control conditions (days 1--3). After treatment with cisplatin + NaCl, it significantly decreased over the entire experimental time (\**p* \< 0.05). After 31 days, threshold had decreased to 9.98 ± 0.19 s. In contrast, rats additionally treated with ω-conotoxin MVIIA showed a significant increase in the paw-withdrawal threshold compared with untreated and cisplatin-treated rats (^\#^*p* \< 0.05). Here, the paw-withdrawal threshold significantly increased to 25.38 ± 0.74 s ([Figure 3(b)](#fig3-1744806917746565){ref-type="fig"}).

To examine the signs of mechanical allodynia, the von Frey test was used. Untreated rats showed a paw-withdrawal threshold of 21.65 ± 0.1 g. Repetitive administration of cisplatin + NaCl led to a decrease in withdrawal threshold over the entire experimental time, compared with untreated baseline values (\**p* \< 0.05). On the last day of the experiment (day 31), 14 days after the last cisplatin administration, the threshold had decreased to 4.85 ± 0.60 g. This effect could be abolished by additional administration of ω-conotoxin MVIIA. Here, the paw-withdrawal threshold was not significantly altered compared with baseline values, but the threshold was significantly increased in comparison with rats treated with cisplatin + NaCl (^\#^*p* \< 0.05) ([Figure 3(c)](#fig3-1744806917746565){ref-type="fig"}).

Repetitive in vivo cisplatin administration does not lead to DNA damage in DRG neurons {#sec23-1744806917746565}
--------------------------------------------------------------------------------------

To examine the influence of repetitive cisplatin administration on the in vivo formation and/or persistence of DNA damage in DRG neurons, we used an immunocytological assay to visualize specific Pt-adducts in the nuclear DNA of individual cells. For that, DRG of cisplatin-treated rats were resected on day 31 after the behavioural experiments. In immunostained tissue sections, DRG neurons and surrounding non-neuronal cells, that is predominantly satellite glial cells (SGCs) could be distinguished by the size of their DAPI (4′6-diaminido-2-phenylindole)-stained nuclei. As compared with SGC, neurons regularly displayed much larger nuclei with lower DAPI signals ([Figure 4](#fig4-1744806917746565){ref-type="fig"}). Furthermore, nuclei of sensory neurons were surrounded by a large number of SGC nuclei. While nuclear DNA of SGC displayed strong Pt-DNA antibody immunoreactivity (red), DNA of sensory neurons was not affected 14 days after the last administration of cisplatin ([Figure 4](#fig4-1744806917746565){ref-type="fig"}). Figure 4.Influence of repetitive in vivo administration of cisplatin on nuclear DNA damage in dorsal root ganglion (DRG) neurons. (a) To examine the levels of nuclear DNA damage in DRG cells of rats after repetitive administration of cisplatin animals were sacrificed on day 31 and DRG cryo-sections were immunostained for Pt-GpG adducts (red) and for DNA (DAPI, blue). DRG tissue of untreated rats served as control. (b) DRG neurons (white arrow) can be distinguished from non-neuronal cells by the size of nuclei. Only a fraction of the non-neuronal cells were positive for cisplatin-induced adducts while DRG neurons were negative (*n* = 5 DRG sections from randomly chosen rats for each condition).

Repetitive in vivo cisplatin administration does not lead to morphological changes or apoptosis in DRG neurons {#sec24-1744806917746565}
--------------------------------------------------------------------------------------------------------------

After repetitive in vivo treatment, rats were sacrificed on day 26, tissue sections of DRG were prepared and HE stained. Furthermore, small tissue blocks were prepared for EM.

Neither morphological changes nor structural damage were observed in DRG neurons either in the HE-stained or in ultrathin EM sections when compared with untreated control tissue. Furthermore, we could not detect any indications of apoptosis or necrosis in these neurons after cisplatin administration. Even after long-term cisplatin exposure, no damage of organelles, such as endoplasmic reticulum (ER) or mitochondria, was obvious. Analysis of mitochondria profiles showed no significant difference between control (20.64 ± 3.35 %) and cisplatin-treated (23.55 ± 6.12) DRG neurons on day 26 of the experiment (*p* \> 0.05) ([Figures 5](#fig5-1744806917746565){ref-type="fig"} and [6](#fig6-1744806917746565){ref-type="fig"}). Figure 5.Influence of repetitive in vivo administration of cisplatin on the morphology of dorsal root ganglion (DRG) neurons. In haematoxylin--eosin staining, no morphological changes, structural damage, necrosis or apoptosis could be observed in DRG neurons 14 days after the last in vivo administration of cisplatin (day 26), compared with untreated control DRGs (*n* = 3 DRG slices from randomly chosen rats for each condition). Figure 6.Electron microscopy (EM) of dorsal root ganglion (DRGs) after repetitive in vivo administration of cisplatin. In EM, no morphological changes, structural damage, necrosis or apoptosis could be observed in DRG neurons 14 days after the last in vivo administration of cisplatin (day 26), compared with untreated control DRGs. There was no significant difference between control DRG neurons and neurons after repetitive in vivo cisplatin administration in the number of damaged mitochondria profiles (\**p* \> 0.05) (*n* = 3 DRGs from randomly chosen rats for each condition for descriptive study; *n* = 5 randomly chosen images of each condition with at least a total of 750 mitochondria profiles counted).

Discussion {#sec25-1744806917746565}
==========

Here, we demonstrate the effects of cisplatin on function and expression of N-type VGCC in DRG neurons and the morphology of DRGs. Our data suggest that alterations in the function and expression of N-type VGCC are the main mediators of neuropathic pain induction after cisplatin treatment.

In several studies, the influence of cisplatin on the calcium homeostasis of various cell types has been described.^[@bibr8-1744806917746565],[@bibr24-1744806917746565],[@bibr25-1744806917746565]^ In a recent study, we examined the effects of cisplatin on VGCC subtypes of DRG neurons in vitro and in vivo.^[@bibr19-1744806917746565]^ N-type VGCCs are playing a crucial role in pain processing, especially in transmission of pain signals between sensory neurons of the DRG and dorsal horn neurons of the spinal cord.^[@bibr15-1744806917746565],[@bibr18-1744806917746565],[@bibr26-1744806917746565],[@bibr27-1744806917746565]^ N-type VGCC knockout mice reveal reduced nociceptive response to sensory stimuli.^[@bibr15-1744806917746565],[@bibr18-1744806917746565],[@bibr28-1744806917746565]^

The N-type protein level rapidly increased after three injections of cisplatin and reached a maximum on day 11 and maintained an increase, to a lower degree, at the end of the experiment. VGCCs are the most common mediators of calcium influx in neuronal cells. An overexpression of these channels may provide a critical increase in intracellular calcium, resulting in toxic calcium-mediated functional and morphological alterations.

Our findings suggest a dependency of the N-type protein level expression, possibly by increased protein translation and/or decreased degradation processes. In several inflammation and nerve lesion models, similar protein-regulation processes have been described. The pro-inflammatory cytokine interleukin 6 increases T-type VGCC in prostate cancer cells.^[@bibr29-1744806917746565]^ After intraplantar injection of complete Freund\'s adjuvant, N-type VGCC protein expression, but not mRNA, is increased in DRG neurons,^[@bibr30-1744806917746565]^ suggesting the involvement of enhanced protein translation processes, rather than gene expression processes. The upregulation of the α~2~δ-1 subunit of VGCC following peripheral nerve damage has been demonstrated in several animal models of neuropathic pain.^[@bibr31-1744806917746565][@bibr32-1744806917746565][@bibr33-1744806917746565][@bibr34-1744806917746565]--[@bibr35-1744806917746565]^ The mechanisms leading to the alteration of gene and protein expression after sensory nerve damage are thought to involve propagation of an axonal injury-induced calcium wave to the soma of the sensory neurons, resulting in histone deacetylase 5 export from the nucleus and activation of gene transcription.^[@bibr36-1744806917746565]^ For cisplatin-induced neuropathic pain symptoms, an increase in *I*~Ca(V)~s in cultured DRG neurons shortly after cisplatin application was shown to be mediated by protein kinase C activation, while overexpression of N-type calcium channels was shown to be mediated by Ca-calmodulin-kinase II (CaMKII) activation. Here, inhibition of CaMKII by KN-93 resulted in a lack of N-type VGCC overexpression.^[@bibr19-1744806917746565]^ These results suggest different regulatory mechanisms after cisplatin administration. On the one hand, a short-term mechanism based on ion-channel phosphorylation by protein kinase C.^[@bibr19-1744806917746565]^ On the other hand, a long-term mechanism regulating the overexpression of the N-type VGCC by CaMKII and further proteins as transcription factors, as similarly shown for the generation of long-term memory in the hippocampus.^[@bibr19-1744806917746565],[@bibr37-1744806917746565]^

Cisplatin treatment reduces the paw-withdrawal thresholds in mechanical and thermal testing during repetitive in vivo administration. The importance of N-type VGCC for the genesis of neuropathic or inflammatory pain has been shown in studies in knockout mice.^[@bibr15-1744806917746565],[@bibr18-1744806917746565],[@bibr28-1744806917746565]^ Pharmacological inhibition of N-type VGCC was able to prevent the signs of neuropathic pain. ω-conotoxin MVIIA was able to reduce mechanical allodynia^[@bibr38-1744806917746565]^ during both the acute and chronic painful stages in an animal model of paclitaxel-induced neuropathy. Recently, we demonstrated the neuroprotective effects of ω-conotoxin MVIIA in cisplatin-induced painful polyneuropathy, outlasting the biological half-life time of 2.9--6.5 h for at least 14 days after the last injection. This protective was mediated by the inhibition of cisplatin-mediated overexpression of N-type VGCC, suggesting N-type VGCC blockade by ω-conotoxin MVIIA to be neuroprotective, besides the well-described analgesia, during chronic pain treatment.^[@bibr19-1744806917746565]^ The administration of ω-conotoxin MVIIA after increase of N-type VGCC expression would possibly need a higher dose to reach saturation, which possibly will rise the risk of side effects.

Several studies suggested the cisplatin-induced neuropathic pain to be a result of structural damage and loss of function in DRG neurons mediated by cisplatin--DNA adducts following DNA damage.^[@bibr1-1744806917746565],[@bibr2-1744806917746565],[@bibr4-1744806917746565],[@bibr5-1744806917746565]^ In clinical studies, the latency period and the severity of signs of neuropathic pain during cisplatin treatment were cumulative, dose-dependent^[@bibr39-1744806917746565]^ and often outlasting the duration of therapy for several months, the so-called 'coasting effect'. The dose-dependency has often been linked to the platination level of nuclear DNA of DRG neurons.^[@bibr4-1744806917746565]^ We demonstrate that no signs of nuclear or morphological neuronal damage could be observed in the early phase after cisplatin treatment, although rats showed clear signs of CIPN. In several studies, it was shown that platination of DNA by cisplatin or oxaliplatin leads to stopping of DNA replication in tumour cells and also to inhibition of ribonucleic acid (RNA) synthesis or protein translation by a blockage of RNA polymerase II.^[@bibr40-1744806917746565][@bibr41-1744806917746565]--[@bibr42-1744806917746565]^ However, due to the post-mitotic nature of neurons and to the results of several studies regarding neurotoxicity of platinum-based chemotherapeutics, it is likely that CIPN is not majorly triggered by platination of nuclear DNA of sensory neurons. Erythropoietin was shown to diminish electrophysiological characteristics of CIPN in mice, without reducing the DNA adduct level in DRG neurons.^[@bibr43-1744806917746565]^ Carboplatin, another platinum-based cytostatic drug, also causes formation of nuclear DNA adducts but only induces a slight CIPN, while oxaliplatin-mediated CIPN is typically very disabling.^[@bibr44-1744806917746565],[@bibr45-1744806917746565]^ On the other hand, in the DRG SGC, high DNA platination levels were detectable, while in neurons, no DNA damage was observed, suggesting that DNA platination in the SGC could be involved in the genesis of CIPN, possibly by interfering with neuronal integrity (i.e. local homeostasis, cytokine expression, etc.). Sensory neurons within the DRG do not form synaptic contact between each other, but instead, each soma is tightly enwrapped by a layer of SGC and enclosed by a connective tissue sheath, suggesting an interaction between the neuron, and the SGC is crucial for a correct function and activity of the sensory neurons.^[@bibr46-1744806917746565][@bibr47-1744806917746565]--[@bibr48-1744806917746565]^ If this functional and structural unit is disturbed or even damaged by injury or chemical substances, it is likely that this can affect the sensitivity and ectopic discharges of the neuronal somata, resulting in an alteration in the signalling of the sensory neurons.^[@bibr48-1744806917746565]^ The possible role of DNA platination damage in SGC is underscored by the long-term unrepaired persistence of such adducts even two weeks after the last cisplatin administration.

Electron microscopic examination of DRG slices revealed no morphological and structural alterations or apoptosis of DRG neurons after cisplatin treatment. In contrast, it was formerly shown that administration of cisplatin in two cycles of five days led to mitochondrial damage and apoptosis in DRG neurons in mice.^[@bibr5-1744806917746565]^ This difference may be explained by the administrated cumulative doses of both approaches. While Podratz and colleagues^[@bibr5-1744806917746565]^ used a cumulative dose of 23 mg/kg, we used a cumulative dose of 12 mg/kg (1.5 mg/kg per injection). With a dose of 1.5 mg/kg cisplatin per injection, our low-dose model of cisplatin is in accordance with the literature.^[@bibr49-1744806917746565]^ Here, we were able to induce typical signs that polyneuropathy patients commonly suffer, such as thermal and mechanical hyperalgesia, without inducing neuronal death in this early phase of the disease. Beside modulations of VGCC by cisplatin, the modulation of transient receptor potential (TRP) channels as TRPV1 could be an additional option for the induction of thermal hyperalgesia-TRPV1-null, mice developed mechanical allodynia but did not show head-evoked pain responses after cisplatin treatment.^[@bibr50-1744806917746565]^ Nevertheless, in the later phase of neuropathy, it could be possible that other mechanisms, such as axonal degeneration or neuronal death, become more important, possibly influenced by a former disturbance of neuronal calcium homeostasis. In a former study, we observed an increased number of activated-caspase-3 positive DRG neurons after in vitro exposure with cisplatin for 24 h. Besides its pro-apoptotic effect, recent studies have also pointed out a nonapoptotic function of this protease in different physiological processes as in the sperm differentiation in the fruitfly *Drosophila*.^[@bibr51-1744806917746565]^ In 2012, Simon et al.^[@bibr52-1744806917746565]^ describe the role of a caspase cascade for the regulation of axonal degeneration. Here, they could show that genetic deletion of caspase-3 is fully protective against sensory axon degeneration that was induced by trophic factor withdrawal, leading to the suggesting of a caspase-3--mediated axonal degeneration in the later phase of cisplatin-induced polyneuropathy.

For the generation of cisplatin--DNA adducts, the transport into the cell is a key mechanism. DRG and tumour cells have a differential expression of transporter proteins for the uptake of cisplatin by copper transporter I (CTR1), and organic cation transporters I and II. In a recent study, the differential expression of copper transporters, such as ATP7A and CTR1, in adult rat DRG tissues was examined. CTR1, which is responsible for the uptake of cisplatin in tissues such as liver or kidney, was strongly expressed in large diameter DRG neurons. In contrast, small neurons did not show a strong expression of CTR1, but for ATP7A, a transporter responsible for the transport of cisplatin out of the cell.^[@bibr53-1744806917746565]^ Axons of small DRG neurons are characterized as c-fibres which are strongly involved in pain processing. The weak expression of CTR1 in small DRG neurons, together with the lack of DNA adducts after cisplatin treatment in our experiments, suggests that generation of cisplatin--DNA adducts in the nucleus is not a relevant mechanism of neurotoxicity.

In this study, we give evidence that cisplatin-induced early phase of neuropathic pain is mainly mediated by alteration in function and expression of ion channels as N-type VGCCs, rather than by morphological changes or structural damage.
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